Nitropolycyclic aromatic hydrocarbons are ubiquitous environmental pollutants, many of which are potent mutagens in bacterial and mammalian cells and carcinogenic to rodents. In this study, we investigated the fungal metabolism of 1-nitropyrene and determined the mutagenic activity of the metabolites toward SalmoneUla typhimurium TA98, TA98NR, and TA100. CunninghameUla elegans metabolized 1-nitropyrene to form glucoside conjugates of 6-hydroxy-1-nitropyrene and 8-hydroxy-1-nitropyrene. The metabolites were isolated by reversed-phase high-pressure liquid chromatography and characterized by application of UV absorption, 'H-nuclear magnetic resonance, and mass spectroscopy. Mutagenicity assays performed on samples extracted from incubations of C. elegans with 1-nitropyrene indicated that mutagenic activity decreased with time. Consistent with the loss in mutagenic activity, the glucoside conjugates of 6-and 8-hydroxy-l-nitropyrene were nonmutagenic in the Salmonella reversion assay. The results indicate that the fungus C. elegans metabolizes 1-nitropyrene to detoxified products.
Nitropolycyclic aromatic hydrocarbons are a widely distributed class of environmental contaminants which can be formed in the atmosphere by reaction of nitrogen oxides with polycyclic aromatic hydrocarbons (40, 41) . Nitropolycyclic aromatic hydrocarbons occur in aquatic and terrestrial ecosystems and have also been identified in diesel engine exhaust, coal fly ash, and carbon black photocopier toners (25, 27, 29, (41) (42) (43) . Their presence has also been suggested in cigarette smoke (32) . Experimental evidence indicates that nitropolycyclic aromatic hydrocarbons are "direct-acting" mutagens in procaryotic and eucaryotic cells (2, 5, 10, 22, 26, 27, 33, 37, 41, 43, 45) , are carcinogenic in experimental animals (12, 16, 39) , are metabolized to derivatives which bind to DNA and proteins (15, 17, 21 ; R. H. Heflich, E. K. Fifer, Z. Djuric, and F. A. Beland, Environ. Health Perspect., in press), and induce unscheduled DNA synthesis (5) , sister chromatid exchanges (31, 36) , and DNA repair (5) and transformation (9, 19) in cultured eucaryotic cells. This has prompted considerable research on the sources, occurrence, metabolism, and disposition of these pollutants. It has been postulated that the biological activities exhibited by this class of compounds may 'be mediated by metabolic activation via oxidative and reductive pathways to form intermediates which react with critical cellular macromolecules (2, 7, 10, 13, 14, 17, 18, 20, 21, 24, 28, 35, 38, 44; Heflich et al., in press; M. W. Chou, R. H. Heflich, and P. P. Fu, Carcinogenesis, in press; Z. Djuric, E. K. Fifer, and F. A. Beland, Carcinogenesis, in press) ( Fig. 1) .
In contrast to the number of studies on the metabolism of nitropolycyclic aromatic hydrocarbons by intestinal microflora (4, 13, 18, 20, 23, 34) , little has been reported about the metabolism of these compounds by microbial populations isolated from soil or aquatic environments. In this study, we describe the metabolism of 1-nitropyrene by the fungus Cunninghamella elegans. In addition, extracts of cultures grown in the presence of 1-nitropyrene were tested for mutagenicity in the Salmonella typhimurium reversion * Corresponding author. assay to determine the effect of fungal metabolism on the mutagenicity of 1-nitropyrene.
MATERIALS AND METHODS
Chemicals. [4, 5, 9 ,10-3H]1-nitropyrene (specific activity, 117 mCi/mmol; radiochemical purity, >99%) was obtained from Robert W. Roth, Midwest Research Institute, Kansas City, Mo. 1-Nitropyrene was purchased from Aldrich Chemical Co., Milwaukee, Wis., and was purified as described previously (18) . 6 Mutagenicity assays. Mutagenicity assays were performed on both the crude extracts and purified metabolites formed during the fungal metabolism of 1-nitropyrene. The assays were conducted with and without an hepatic postmitochondrial supernatant (S9) metabolizing system essentially as described by Maron and Ames (30) . To assess 1 -Nitropyrene 3 .83 (dd, 1, H2'), ppm, and the remainder of the glucoside moiety was tentatively assigned as 3.97 (apparent-d, 1, H5'), 3 .69 to 3.81 (m, 2, H6' and H6"), 3 .66 (dd, 1, H31), and 3.59 (dd, 1, H4') ppm. Both glucosides contained a ,-linkage.
"direct" mutagenic activity, 0.1 ml of the test substance dissolved in dimethyl sulfoxide (Burdick and Jackson, Muskegan, Mich.) was mixed with 0.1 ml of a 10-h culture of S. typhimurium tester strain TA98, TA98NR (deficient in nitroreductase activity), or TA100 and 2.5 ml of molten top agar (50 ,uM L-histidine, 50 ,uM biotin, 0.5% NaCl, 0.6% agar). The mixture was poured into petri plates containing Vogel minimum salts agar with glucose. To assess S9-mediated mutagenicity, 0.1 ml of the test substance, 0.1 ml of the tester strain, 0.5 ml of an S9 mix (0.15 ml of S9 plus 0.35' ml of 33 mM KCl, 5 mM glucose-6-phosphate, 4 mM NADP, 8 mM MgCl2, 100 mM sodium phosphate buffer, pH 7.4), and 2.0 ml of molten top agar were mixed and poured into plates containing Vogel agar. The S9 was prepared from male Sprague-Dawley rats pretreated with Aroclor 1254 (1). All assays were performed in triplicate. The plates were incubated inverted at 37°C for 48 h, and the revertant colonies were counted visually.
RESULTS AND DISCUSSION
The HPLC elution profile of the ethyl acetate-extractable metabolites formed by incubation of 1-nitropyrene with C. elegans is shown in Fig. 2 Fig. 3A) . Based on previous studies in this laboratory (18) and by El-Bayoumy and Hecht (10), the UV-visible and mass spectral data indicated that compounds I and II were phenolic derivatives of 1-nitropyrene (1-nitropyrenols). However, compounds I and II had thin-layer liquid chromatographic and HPLC properties different from those of authentic 1-nitropyrenols. Ammonia NICI mass spectra of compounds I and II gave a similar molecular ion at mlz 425 (M-) and a base peak at mlz 263 [(M-glucose)-] (Fig. 3B) . These data suggested that compounds I and II were glucoside conjugates of 1-nitropyrenols. Acetylation and silylation of compounds I and II and subsequent ammonia NICI mass spectral analyses confirmed that these compounds were glucoside conjugates. Figure 3C is the mass spectrum of the peracetylated derivative of compound I. There is a molecular ion at mlz 593 . Similar results were found for compound II. The mass spectra produced by the acetylated and silylated derivatives of compounds I and II are typical of arylglucosides (6) .
The structures of the glucoside conjugates (compounds I and II) were confirmed by 500-MHz NMR spectroscopy. The NMR spectra of compounds I and II are shown in Fig.  4 . The structural assignments for these compounds were accomplished via standard homonuclear decoupling, integra- tion experiments, and comparison of the aromatic resonances with the data reported for authentic 6-and 8-hydroxy-1-nitropyrenes (18) . The aromatic resonances are all doublets for compounds I and II, which indicates substitution at C-6 or C-8 of 1-nitropyrene. The most upfield resonance for compounds I and II was assigned to H7 (8.11 and 8.12 ppm, respectively) compared to H7 (7.80 ppm) for 6-and 8-hydroxy-1-nitropyrenes (18) . The anisotropic effect of the nitro group on a peri proton and the magnitude of the K-region coupling constants (J910 = 9.5 and 9.9 Hz) for compounds I and II, respectively, suggests C-6 and C-8 aromatic ring carbon substitution. (Fig. 4) is consistent with an a proton (H1') of a glucoside. The other assigned chemical shifts and coupling constants are consistent with data previously reported for other glucosides and acetylated derivatives of P-D-glucopyranose (8) .
The extent of 1-nitropyrene metabolism by C. elegans was determined at various time intervals, and the Salmonella reversion assay was used to determine the mutagenic activity of the extracts at each time point. Figure 5 indicates that, as the percent metabolism of 1-nitropyrene increased, there was a corresponding decrease in mutagenicity in S. typhimurium TA98 without the rat liver S9 metabolic activation system. In addition, the metabolism extracts were not mutagenic in the presence of S9. Similar results were found when the extracts were assayed with S. typhimurium TA100, although the numbers of induced revertants per plate were much lower.
The mutagenicities of the glucoside conjugates of 6-and 8-hydroxy-1-nitropyrene formed from 1-nitropyrene by C. elegans were measured with S. typhimurium strains TA98, TA98NR, and TA100 in the absence and presence of S9 (Table 1) . Benzo[a]pyrene and 1-nitropyrene were also assayed as positive controls. At the concentrations tested, the microbial metabolites of 1-nitropyrene showed no mutagenic activity in any of the Salmonella sp. tester strains with or without S9. Since previous studies have indicated that phenolic derivatives of 1-nitropyrene are highly mutagenic in the Salmonella reversion assay (2, 10) , these results suggest that glucosylation of 1-nitropyrenols is a detoxification step in the metabolism of 1-nitropyrene.
Metabolism studies with rat and mouse liver cell homogenates, perfused rat livers and lungs, intact animals, and intestinal microflora have indicated that both ring oxidation and nitroreduction pathways contribute to the mutagenicity and possibly the carcinogenicity of 1-nitropyrene (3, 7, 10, 11, 13, 15, 17, 18, 20, 22, 23, 34, 35 (4, 18, 20, 23, 34) . The present investigation indicates that the fungus C. elegans metabolized 1-nitropyrene by ring oxidation to form 6-and 8-hydroxy-1-nitropyrenes followed by glucoside conjugation. No nitroreduction products were detected. The two glucoside conjugates were not mutagenic toward S. typhimurium strain TA98, TA98NR, or TA100 with or without exogenous metabolic activation. Although both 6-and 8-hydroxy-1-nitropyrenes are mutagenic in Salmonella sp., none of the free nitropyrenols was detected as metabolites and the overall effect of incubating 1-nitropyrene with C. elegans was to reduce the mutagenicity associated with these cultures (Fig. 5) . These results suggest that fungal metabolism could play an important role in detoxifying nitropolycyclic aromatic hydrocarbons in the environment.
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